Abstract. In a previous study, we demonstrated that a grape pomace extract (GPE) exerted antioxidant activity in endothelial (EA.hy926) and muscle (C2C12) cells through an increase in glutathione (GSH) levels. In the present study, in order to elucidate the mechanisms responsible for the antioxidant activity of GPE, its effects on the expression of critical antioxidant enzymes, such as catalase (CAT), superoxide dismutase (SOD)1, heme oxygenase 1 (HO-1) and gammaglutamylcysteine synthetase (GCS) were assessed in EA.hy926 and C2C12 cells. Moreover, the effects of GPE on CAT, SOD and glutathione S-transferase (GST) enzymatic activity were evaluated. For this purpose, the C2C12 and EA.hy926 cells were treated with GPE at low and non-cytotoxic concentrations (2.5 and 10 µg/ml for the C2C12 cells; 0.068 and 0.250 µg/ml for the EA.hy926 cells) for 3, 6, 12, 18 and 24 h. Following incubation, enzymatic expression and activity were assessed. The results revealed that treatment with GPE significantly increased GCS levels and GST activity in both the C2C12 and EA.hy926 cells. However, GPE significantly decreased CAT levels and activity, but only in the muscle cells, while it had no effect on CAT levels and activity in the endothelial cells. Moreover, treatment with GPE had no effect on HO-1 and SOD expression and activity in both cell lines. Therefore, the present results provide further evidence of the crucial role of GSH systems in the antioxidant effects exerted by GPE. Thus, GPE may prove to be effective for use as a food supplement for the treatment of oxidative stress-induced pathological conditions of the cardiovascular and skeletal muscle systems, particularly those associated with low GSH levels.
Introduction
Free radicals are produced in living organisms during normal metabolism (e.g., the reactions of mitochondrial respiratory chain and cytochrome P450), inflammation, phagocytosis and other physiological processes (1, 2) . The most important category of free radicals is constituted by reactive oxygen species (ROS), such as superoxide radical anion (O 2 (2) . An amount of ROS is necessary for a number of functions of an organism, including phagocytosis (3), intracellular signaling (2), cell proliferation, and apoptosis (4) . However, the excessive production of ROS may lead to oxidative stress, a pathophysiological condition which has been implicated in the oxidative damage of macromolecules (lipids, protein and DNA) (2, 5) , immune dysfunction (6) , muscle damage (7) and fatigue (8) .
Oxidative stress occurs frequently in muscle tissue exposed to ROS production. For example, during intense exercise there is a high rate of O 2 consumption in skeletal muscle that may cause incomplete O 2 reduction and electron leakage from the electron Grape pomace extract exerts antioxidant effects through an increase in GCS levels and GST activity in muscle and endothelial cells transfer chain, as well as the extra-mitochondrial production of ROS, leading to the generation of ROS and oxidative stress. These effects in turn result in muscle fatigue and cell damage and apoptosis (9, 10) . Moreover, oxidative stress-induced damage of the vascular endothelium may lead to the development of various diseases (11) . A redox imbalance in endothelial cells results in the surface expression of different endothelial cell adhesion molecules, suggesting that oxidative stress induces acute and chronic phases of leukocyte adhesion to the endothelium (12, 13) . It has also been shown that the interaction between ROS and nitric oxide (NO) sets off a vicious circle, which results in further endothelial activation and inflammation (11) . Furthermore, ROS, such as H 2 O 2 can diffuse throughout endothelial cells and react with cysteine groups in proteins to modify their function (14) . Thus, under conditions of oxidative stress, endothelial cells can lose integrity, progress to senescence and detach into the circulation (15) .
However, every living organism has antioxidant mechanisms, including both enzymatic and non-enzymatic with which to counteract the overproduction of free radicals (2) . Moreover, we have previously demonstrated that the supplementation of antioxidants through diet may be used to reduce the detrimental effects of oxidative stress on human health (16) (17) (18) . Some of the most well known food sources of antioxidants are grapes and wine (19) . Our research group has conducted several studies on the antioxidant properties of grapes which are attributed mainly to their polyphenolic content (20) (21) (22) (23) (24) . In another previous study of ours, we demonstrated that a grape pomace extract (GPE) rich in polyphenols derived from pomace, a by-product of the winemaking process consisting of peels, seeds and stems, reduced oxidative stress in muscle and endothelial cells mainly through an increase in glutathione (GSH) levels (25) . Thus, in the present study, the effects of GPE on enzymes which are crucial for GSH metabolism, such as gamma-glutamylcysteine synthetase (GCS) and glutathione S-transferase (GST) were investigated in endothelial and muscle cells. Moreover, the effects of GPE on other critical antioxidant enzymes, such as catalase (CAT), superoxide dismutase (SOD) and heme oxygenase 1 (HO-1) were examined in endothelial and muscle cells. The investigation of the effects of GPE on antioxidant enzymes at the cellular level may help to elucidate the molecular mechanisms through which it exerts its antioxidant effects. The understanding of these mechanisms provides valuable knowledge which may aid in the preparation of plant extracts aimed to be used as food supplements.
Materials and methods
Extract preparation. The grape extract examined was obtained from Batiki Tyrnavou variety (a red grape variety grown in Central Greece) of the Vitis vinifera species. The isolation of the extract was carried out as previously described (26) . In brief, the raw material was dried in a shady, well-ventilated environment and extracted using ethanol (96%) at 50˚C for 4 h. Following filtration, the solvent was evaporated under reduced pressure, and the residue (i.e., GPE) was kept at -20˚C until further use.
The polyphenolic composition of the extract identified by a liquid chromatography/high resolution mass spectrometry (LC-HRMS) method in positive and negative mode has been reported previously (26) . Thus, the extract was composed of flavan-3-ols (catechin and epicatechin), anthocyanidins, (cyanidin, malvidin, delphinidin and petunidin), anthocyanins (myrtillin, kuromanin, oenin and peonidin-3-O-glucoside) and flavonols (quercetin), phenolic acids (gallic acid and caftaric acid). Moreover, the total polyphenolic content (TPC) of the extract was evaluated and found equal to 648 mg of gallic acid per g of extract (26) .
Cell culture conditions. The C2C12 muscle cells were a gift from Professor Koutsilieris (National and Kapodistrian University of Athens, Athens, Greece) and the EA.hy926 cells were from Professor Koukoulis (University of Thessaly, Larissa, Greece). All the cells were cultured in normal Dulbecco's modified Eagle's medium (DMEM), containing 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml of penicillin and 100 U/ml of streptomycin (all from Gibco, Paisley, UK) in plastic disposable tissue culture flasks at 37˚C in 5% carbon dioxide.
Treatment of the cells with GPE. The C2C12 and EA.hy926 cells were seeded in culture flasks and incubated for 24 h. The medium was then removed and replaced with serum-free medium containing GPE at non-cytotoxic concentrations (2.5 and 10 µg/ml for the C2C12 cells and 0.068 and 0.025 µg/ ml for the EA.Hy926 cells) followed by incubation for 3, 6, 12, 18 and 24 h. In a previous study of ours, it was shown that these concentrations were non-cytotoxic to the C2C12 and EA.hy926 cells (25) . Untreated cells were used as controls.
Following treatment, the cells were lysed in radio-immunoprecipitation buffer [RIPA buffer; 50 mM Tris-HCl, 150 mM NaCl, 0.25% SDS, 0.25% sodium deoxycholate and 1 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0] containing protease inhibitors (Complete™ mini protease inhibitors; Roche, Basel, Switzerland) for the preparation of the whole cell lysate. The cell lysates were then centrifuged at 16,250 x g for 20 min at 4˚C. The supernatant was collected, and the amount of protein was then determined using Bradford reagent (Sigma-Aldrich Ltd., Munich, Germany). For the preparation of the cytosolic lysate, the cells were lysed in cytosolic lysis buffer [10 mM 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid (HEPES)-potassium hydroxide (KOH) pH 7.9, 1.5 mM MgCl 2 , 10 mM potassium chloride (KCl), 0.5 mM dithiothreitol (DTT) and 0.5% NP-40] to which protease inhibitors are added (Complete™ mini protease inhibitors; Roche). The samples were subsequently incubated on ice for 20 min followed by centrifugation at 16,250 x g at 4˚C for 5 min. The supernatant was collected, and the amount of protein was then determined using Bradford reagent (Sigma-Aldrich Ltd.). The samples were stored at -80˚C until further analysis.
Western blot analysis for SOD, HO-1, CAT and GCS proteins.
In order to measure the expression levels of SOD, HO-1, CAT and GCS, western blot analysis was used. In particular, whole cell lysate containing 50 µg of protein was used for the determination of the SOD, HO-1 and CAT expression levels, while cytosolic lysate containing 30-50 µg of protein was used for the determination of GCS levels. Cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using an 8% polyacrylamide gel. Proteins were then transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). The membranes were blocked overnight with 5% non-fat milk in 13 mM Tris/150 mM NaCl, pH 7.5, containing 0.2% Tween-20. They were then probed with polyclonal goat anti-human SOD-1 (1:1,600; Cat. no. sc-8634) or polyclonal rabbit anti-human GCS (1:1,600; Cat. no. sc-28965; both from Santa Cruz Biotechnology Inc., Dallas, TX, USA) or polyclonal goat anti-human HO-1 (1:1,400; Cat. no. AF3776) or polyclonal goat anti-human CAT (1:1,400; Cat. no. AF3398; both from R&D Systems, Minneapolis, MN, USA) primary antibodies for 1 h at room temperature. The membranes were then incubated with horseradish peroxidaseconjugated polyclonal goat anti-rabbit (1:5,000; Cat. no. 31462) or polyclonal donkey anti-goat (1:3,000; Cat. no. PA1-28659; both from Thermo Scientific, Rockford, IL, USA) secondary antibodies for 30 min at room temperature. All the membranes were re-probed with polyclonal rabbit anti-human (anti-mouse) glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:1,000; Cat. no. PA1-988; Thermo Scientific) to normalize the data. The optical density of the protein bands was measured using Alpha View quantification software (Alpha Innotech, San Leandro, CA, USA). Each experiment was repeated 3 times.
Determination of CAT activity. The determination of CAT activity in the whole cell lysate was carried out based on the method described in the study by Aebi (27) . Specifically, the reaction was carried out in a volume of 3 ml containing 150 µl whole cell lysate and 2,845 µl of 67 mM potassium phosphate buffer solution (pH 7.4). The measurement requires >30 µg total amount of protein in the tested sample. The samples were incubated for 10 min at 37˚C. Five microliters of 30% w/v H 2 O 2 solution were added to the samples and the change in absorbance was immediately read at 240 nm (UV) for 1.5 min. CAT activity in the cell lysates was normalized to the total cellular protein level in each sample. The results are expressed as units (µmol of H 2 O 2 decomposed ml/min) per mg of protein. CAT activity was examined in at least 3 different lysates (each lysate was measured in triplicate).
Determination of GST activity. The determination of GST activity in the cytosolic lysate was based on the method described in the study by Habig et al (28). More specifically, 920 µl of phosphate buffer (100 mM, pH 7.4) were mixed with 50 µl of GSH (1 mM) and 20 µl of 1-chloro-2,4-dinitrobenzene (CDNB) and the samples were incubated for 5 min at 30˚C. This was followed by the addition of 10 µl of cytosolic lysate (the measurement requires >10 µg of total amount of protein in the tested sample) and the change in absorbance was measured at 340 nm for 5 min. Upon conjugation of the thiol group of GSH to the CDNB substrate, there was an increase in the absorbance at 340 nm. The sample containing cytosolic lysate alone were used as the blank. GST activity in the cytosolic lysates was normalized to the total cellular protein level in each sample. The results are expressed as units (µmol of CDNB conjugate produced ml/ min) per mg of protein. GST activity was examined in at least 3 different lysates (each lysate was measured in triplicate).
Determination of SOD activity. The determination of SOD activity in the whole cell lysate was based on the method of nitroblue tetrazolium salt (NBT) as described in the study by Oberley and Spitz (29) . More specifically, this assay included a negative control which was prepared by mixing 800 µl of SOD buffer [1 mM diethylenetriaminepentaacetic acid (DETAPAC) in 0.05 M potassium phosphate buffer (pH 7.8), 1 unit CAT, 5.6x10 -5 M NBT and 10 -4 M xanthine] with 200 µl of 0.05 M potassium phosphate buffer. Subsequently, ~60 mU of xanthine oxidase were added and the rate of increase in absorbance was measured at 560 nm for 3.5 min. In the test samples, 200 µl of the total cell lysate (the measurement requires >10 µg total amount of protein) were added to 800 µl of SOD buffer followed by the addition of ~60 mU of xanthine oxidase and the rate of increase in absorbance was measured for 3.5 min at 560 nm. The calculation of SOD activity in the test samples is based on the percentage inhibition in the rate of increase in absorbance. The rate of increase in absorbance (A) per minute for the negative control and for the test samples was determined by the formula [1] and the percentage inhibition for each sample was calculated using the formula [2] SOD activity in the whole cell lysates was normalized to the total cellular protein level in each sample. The results are expressed as units (one unit of SOD inhibits the rate of increase in absorbance at 550 nm by 50%) per mg of protein. SOD activity was examined in at least 3 different lysates (each lysate was measured in triplicate).
Statistical analysis.
All results are expressed as the means ± SD. For statistical analysis, one-way ANOVA was applied followed by Tukey's test for multiple pair-wise comparisons. Doseresponse relationships were examined by Spearman's correlation analysis. Differences were considered statistically significant at P<0.05. All statistical analyses were performed using SPSS software (version 14.0; SPSS Inc., Chicago, IL, USA).
Results

Western blot analysis for SOD, HO-1, CAT and GCS protein expression.
In order to examine the effects of GPE on the expression levels of antioxidant enzymes (i.e., SOD, HO-1, CAT and GCS), the C2C12 muscle cells were treated with GPE at concentrations of 2.5 and 10 µg/ml. The EA.hy926 endothelial cells were treated with GPE at concentrations of 0.068 and 0.250 µg/ml.
Treatment with GPE at 2.5 µg/ml significantly increased the GCS expression levels by 24.2 and 16.3% at 18 and 24 h, respectively compared to the control in the cytosolic lysate of C2C12 cells (Fig. 1A) . However, treatment with GPE at 10 µg/ ml significantly increased the GCS levels in the C2C12 cells by 18.0, 20.3 and 26.1 at the 12, 18 and 24 h time points, respectively compared to the control (Fig. 1A) . In the EA.hy926 endothelial cells, treatment with GPE at a concentration of 0.068 µg/ml significantly increased the GCS levels by 14% at the 24 h time point, while treatment with GPE at the concentration of 0.250 µg/ml led to a significant increase of 16.2% at 24 h time point compared to the control ( Fig. 2A) .
Moreover, the results revealed that treatment of the C2C12 cells with GPE at 2.5 µg/ml significantly decreased the CAT expression levels by 20.4, 21.3, 29.2 and 31.5% at the 6, 12, 18 and 24 h time points, respectively, while treatment with GPE at 10 µg/ml decreased the CAT levels by 20.7, 22.5, 30.3 and 32.3% at the 6, 12, 18 and 24 h time points, respectively compared to control in the total lysate of C2C12 cells (Fig. 1B) . However, in the EA.hy926 cells, GPE did not significantly affect CAT expression at any concentration used (Fig. 2B) .
Furthermore, the results revealed that none of the GPE concentrations used significantly affected SOD expression at any time point in the total lysate of C2C12 cells compared to the control (Fig. 1C) . Similar results were observed in the EA.hy926 endothelial cells (Fig. 2C) .
As observed with SOD expression, treatment with GPE did not significantly alter the HO-1 expression levels at any tested concentration at any time point compared to the control in the total lysates of both the C2C12 (Fig. 1D) and EA.hy926 cells (Fig. 2D) .
Assessment of GST activity. In the C2C12 muscle cells, treatment with GPE at the concentration of 2.5 µg/ml significantly increased GST activity at the 18 and 24 h time points by 27.7 and 36.0%, respectively, while treatment with GPE at the concentration of 10 µg/ml increased GST activity by 37.7 and 59.0% at the 18 and 24 h time points, respectively compared to the control (Fig. 3A) .
In the EA.hy926 endothelial cells, treatment with GPE at 0.068 µg/ml significantly increased GST activity at 24 h by 16.3%, while treatment with GPE at 0.250 µg/ml increased GST activity by 23.3 and 28.1% at 18 and 24 h, respectively compared to the control (Fig. 4A) .
Assessment of CAT activity. In the C2C12 muscle cells, treatment with GPE at 2.5 µg/ml significantly decreased CAT activity by 12.7, 14.5 and 19.5% at the 12, 18 and 24 h time points, respectively compared to the control (Fig. 3B ), while treatment with GPE at 10 µg/ml decreased CAT activity by 8.3, 21.0 and 26.1% at the 12, 18 and 24 h time points, respectively compared to the control (Fig. 3B) .
In the EA.hy926 endothelial cells, treatment with GPE at concentrations of 0.068 and 0.250 µg/ml did not signifi- cantly affect CAT activity at any time point compared to the control (Fig. 4B) .
Assessment of SOD activity. In the C2C12 muscle cells, treatment with GPE did not significantly affect SOD activity at any concentration used at any time points compared to the control (Fig. 3C) . Similar results were observed in endothelial cells (Fig. 4C) .
Discussion
In a previous study, we demonstrated that GPE reduced oxidative stress in endothelial and muscle cells (25) . In the present study, in order to investigate the mechanisms through which these antioxidant effects are exerted, the effects of GPE on antioxidant enzymes and molecules were assessed in the EA.hy926 endothelial and C2C12 muscle cell lines. It should be noted that the GPE concentrations used were non-cytotoxic and very low, as in several studies on antioxidant compounds, high concentrations are used which are either difficult to be achieved in a human organism or they exhibit toxicity.
GSH, a tripeptide composed of glycine, cysteine and glutamic acid, is one of the most critical antioxidant molecules in cells and is involved in the detoxification of a number of xenobiotics and ROS through either the formation of S-conjugates or by serving as an electron donor from its sulfhydryl group (-SH) (30) . Conjugation with GSH can occur both enzymatically and non-enzymatically. In human organisms, there are 3 main GSH systems: the GSH/glutathione peroxidase (GPx) system, which buffers H 2 O 2 produced during cellular metabolism (30) ; the GSH/GST system, which conjugates GSH with xenobiotics for their detoxification (30) ; and the GSH/glutaredoxin (Grx) system which controls the cellular redox environment (31) . In a previous study, we demonstrated that GPE increased GSH levels in EA.hy926 and C2C12 cells under either naive or oxidative stress conditions (25) . This increase in GSH levels is explained by the GPE-induced increase in the expression of the GCS enzyme in both EA.hy926 and C2C12 cells. GCS is the first enzyme in the biosynthetic pathway of GSH, and consequently, it is critical for cell survival (32) . It has also been reported that flavonoids increase intracellular GSH levels by the transactivation of the GCS catalytical subunit promoter (33) . The importance of GSH for the antioxidant activity of GPE is also supported by the GPE-induced increase in GST activity. GST is induced under conditions of oxidative stress and is involved in the detoxification of organic epoxides, hydroperoxides and unsaturated aldehydes formed particularly after lipid peroxidation (34) . GST detoxifies these products through their conjugation with GSH. Of note, we have previously reported that GPE decreased products of lipid peroxidation in EAhy.926 and C2C12 cells (25) . Consequently, this effect may be attributed to the GPE-induced increase in GST activity. The increase in GST activity may result in a decrease in GSH levels (34) . However, it seems that the GPE-induced increase in GCS levels led to de novo GSH synthesis that hampered the decrease in GSH levels caused by GST activity.
Based on the above-mentioned findings, it can be inferred that GSH systems play a crucial role in the antioxidant effects exerted by GPE in endothelial and muscle cells. Moreover, several studies conducted in vivo and using cell cultures have shown that grape seed extracts exert antioxidant effects through the induction of GSH systems in a great variety of tissues and organs, such as the liver, kidneys, heart, skin, pancreas, blood, eyes and brain (34) (35) (36) (37) (38) (39) (40) . Although a large number of studies have indicated that grape extracts from seeds enhanced GSH systems, there are only few studies available that have used grape pomace extracts (34, 37, (41) (42) (43) (44) (45) (46) . Our results provide further evidence that grape extracts, in general, act as antioxidants through the modulation of GSH systems.
GPE did not seem to exert its antioxidant effects through the modulation of the other tested antioxidant enzymes (i.e., CAT, SOD and HO-1 enzymes). SOD converts O 2
•-generated during oxidative stress into H 2 O 2 (47) . H 2 O 2 may be converted to harmful ROS, but it is broken down into harmless water and oxygen by CAT (48) . In this study, treatment with GPE reduced both the expression and activity of the CAT enzyme in endothelial cells, while in muscle cells, it had no any effect. GPE did not affect the expression or the activity of SOD in the EA.hy926 and C2C12 cells. The fact that GPE had no any effect (or even decreased) the expression and activity of CAT and SOD enzymes may be explained by its ability to enhance other antioxidant mechanisms, such as GSH, GCS and GST. Similar to our results, other studies have reported that grape extracts did not affect CAT and SOD enzymes (34, 49) . However, the administration of GPE to rats has been shown to increase CAT and SOD activity in the liver and kidneys (41) . Furthermore, grape seed extracts have been shown to increase CAT and SOD activity in different tissues (35, 40) . These discrepancies between the results of different studies may be attributed to the different tissues used, as well as to the different chemical composition of the tested extracts. In addition Yang et al (49) reported that the effects of grape seed extract on CAT and SOD activity in eukaryotic cells depends on the presence or absence of oxidative stress stimulus and is mediated through the extracellular-signal-regulated kinase 1/2 (ERK1/2) signaling pathway.
HO-1 is also considered an important antioxidant enzyme (50) . HO-1 is an ubiquitous inducible cellular stress protein and is the rate-limiting enzyme in the catabolism of heme to biliverdin, free iron and carbon monoxide. Biliverdin is rapidly converted to the strong antioxidant, bilirubin, which is then converted back into biliverdin through the reaction with ROS, leading to their neutralization (50) . In this study, treatment with GPE did not affect HO-1 expression in the endothelial and muscle cells. Thus, the antioxidant effects of GPE do not seem to be mediated through HO-1 activity. Similar to our results, in a previous study, a grate seed extract rich in procyanidins was unable to increase HO-1 expression in liver cells (HepG2), although it induced the signaling pathway of nuclear factor E2-related factor (Nrf2)/antioxidant response element (ARE) (51) . Nrf2/ARE is the main signaling pathway regulating HO-1 expression (52) . In another study, the administration of grape extract to mice increased HO-1 expression levels through Nrf2 transcription factor in the testes (53) . However, this grape extract was from seeds and was particularly rich in proanthocyanidins. Furthermore, resveratrol, one of the main polyphenols present in grape extracts, has been shown to increase HO-1 activity in mouse neuronal cells (54) .
In conclusion, the findings of this study demonstrated that treatment with GPE exerted antioxidant effects in endothelial and muscle cells mainly through the induction of GCS and GST enzymes. These results, along with those of our our previous study (25) , indicate that GPE increases GSH levels in EA.hy926 and C2C12 cells, suggesting the crucial role of GSH systems in the antioxidant effects of GPE. Thus, GPE may prove to be effective for use as a food supplement for the treatment of oxidative stress-induced pathological conditions of the cardiovascular and skeletal muscle systems, particularly those associated with low GSH levels. Although there are several studies showing that grape extracts from seeds protect cardiovascular and skeletal muscle systems from ROS-induced damage, there only few studies using extracts from pomace (40, (55) (56) (57) (58) (59) (60) (61) (62) (63) . Of course, in vivo studies are also required to confirm these findings.
